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Developmental methylmercury exposure affects
avoidance learning outcomes in adult zebrafish
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The present study investigated the neurobehavioral effects of embryonic exposure to methylmercury
(MeHg) in zebrafish using avoidance conditioning as the behavioral paradigm. In this study, adult
zebrafish developmentally exposed as embryos to 0.00, 0.01, 0.03, 0.1, or 0.3 µM of MeHg were trained
and tested for avoidance responses. The results showed that control zebrafish hatched from embryos
unexposed to MeHg learned avoidance responses during training and showed significantly increased
avoidance responses during testing. Zebrafish developmentally exposed to MeHg as embryos were
hyperactive as they frequently swam back and forth, and showed no significant changes in avoidance
responses from training to testing. Results of the present study suggested that embryonic
methylmercury exposure produced hyperactivity and impaired avoidance learning.
Key words: Active avoidance conditioning, methylmercury, zebrafish, fish shuttle-box.

INTRODUCTION
2+

Human exposure to mercury (Hg ) is a worldwide
problem due not only to the multiple pathways by which
2+
Hg enters the environment, e.g., industrial, coal burning
electrical power plants and mining, and its ability to
biomagnify in higher trophic levels of the food chain; but
also its propensity to disperse globally to become a
transboundary contaminant (Ryaboshapko et al., 2007;
Seigneur et al., 2003, 2004). Significant exposures have
been recorded in a wide range of locales throughout the
world (Barbieri et al.,2009; Bose-O’Reilly et al., 2010a, b;
Fakour et al., 2010; Laks, 2009; Papu-Zamxaka et al.,
2010). Moreover, it is possible that even low levels of
2+
Hg
exposure can lead to changes in behavioral
responses (Echeverria et al., 1995).
Anaerobic bacteria, e.g., sulfate reducers, iron reducers
and methanogens, have been linked to mercury
methylation in aquatic systems (Avramescu et al., 2011).
Methylmercury (MeHg) biomagnifies through the food
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chain, and can reach human populations via the
consumption of contaminated fish and seafood. MeHg
exposure through maternal transfer can induce
neurological damage to the developing fetus (Cagiano et
al., 1990), and such deficits may not manifest themselves
until much later (Rice, 1996). A variety of exposure
regimens, therefore, has been used to identify adult
learning deficiencies due to developmental exposures to
MeHg. These experimental designs include gestational
(Cuomo et al., 1984; Eccles and Annau, 1982;
Fredriksson et al., 1996; Gilbert et al., 1993, 1996; Reed
et al., 2008; Reed and Newland, 2007), perinatal (FalluelMorel et al., 2007) and gestational through postnatal
MeHg exposures (Goulet et al., 2003; Onischenko et al.,
2007; Rice, 1992). Among the behavioral changes in
adults that have been exposed to MeHg, are decreases
in reference memory, short-term memory, avoidance and
logical memory, perseverative behaviors and increases in
anxiety levels (Chang et al., 2008; Hilt et al., 2009;
Onishchenko et al., 2007; Rice, 1992), although some
researchers report only small changes in these
neuropsychological outcomes (Rohling and Demakis,
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2006). It is important, therefore, to further investigate
whether these developmental exposures induce adult
learning deficits.
Unlike mammalian systems in which there are linkages
between maternal and fetal health during gestational
MeHg exposures, fish, because of external fertilization
and embryo development, allow researchers to use
waterborne exposures with newly fertilized eggs to
separate these potential interactive effects, e.g., maternal
bioaccumulation or exposure to other environmental
stressors, and isolate specific periods of development
that are especially sensitive to toxic exposure. Smith et
al. (2010) used zebrafish to identify critical windows of
sensitivity to acute, environmentally relevant, developmental MeHg exposures; and evaluate long-term effects
of the developmental exposure on spatial learning.
Given the similarity of fundamental behavioral
mechanisms across vertebrate phyla, zebrafish (Danio
rerio) have become a widely used vertebrate model
system for examining learning and memory (GómezLapaza and Gerlai, 2009; Salas et al., 2006; Sison and
Gerlai, 2010; Williams et al., 2002; Xu et al., 2007). Fish
models of learning and memory have strong similarities
to mammalian models in both phenotypic expression and
underlying physiological mechanisms. The regions in the
teleost brain responsible for directing those behaviors
have many anatomical parallels to mammals, specifically
the mammalian hippocampus and amygdala which are
homologous to the dorsolateral and dorsomedial
telencephalon, respectively, in fishes (Portavella et al.,
2002). Similar to the role of the mammalian hippocampus
in spatial learning, the dorsolateral region of the teleost
telencephalon is critical for spatial learning to identify
foraging areas, nesting locations, and landmarks
(Dodson, 1988; Salas et al., 1996). Similar to the role of
the mammalian amygdala in fear learning, the
dorsomedial telencephalon is critical for avoidance
learning as demonstrated in ablation experiments and
microinjection studies using goldfish (Duran et al., 2008;
Portavella and Vargas, 2005; Xu et al., 2003, 2009). Our
previous work with zebrafish (Smith et al., 2010) showed
that embryonic exposure to MeHg induced learning
deficits in a spatial alternation task, a task that involves
the dorsolateral telencephalon. To extend our previous
work, the present study with zebrafish investigated the
neurobehavioral effects of embryonic exposure to MeHg
in active avoidance conditioning, a task that involves the
dorsomedial telencephalon.
MATERIALS AND METHODS
Breeding and egg collection
Adult zebrafish (Ekkwill Waterlife Resources, Gibsonton, FL) were
acclimated for several weeks prior to the initiation of experiments.
Fish were maintained at 26 to 28°C on a 14-h light a nd 10-h dark
cycle in a flow-through buffered, dechlorinated water system at the
Aquatic Animal Facility of the University of Wisconsin-Milwaukee
Children’s Environmental Health Sciences Center. All experimental

procedures were approved by the University of WisconsinMilwaukee Animal Care and Use Committee. Zebrafish were bred
in 2 L plastic aquaria with a 1/8” nylon mesh false bottom to protect
fertilized eggs from being consumed by the adults. Eggs were
collected ≤ 2 h post fertilization (hpf) and placed into metal-free,
glass culture dishes (100 mm diameter × 50 mm depth) in E2
medium (each liter contains 0.875 g NaCl, 0.038 g KCl, 0.120 g
MgSO4, 0.021 g KH2PO4, and 0.006 g Na2HPO4; Nüsslein-Volhard
2002).

Exposure regimen
Methylmercury (MeHg; >98% purity) was obtained from ICN
Biomedicals (Aurora, OH). Collected eggs (< 2 hpf) were rinsed
twice in MeHg-free E2 medium (as determined by ICP-MS analysis)
and transferred to metal-free glass dish (100 mm diameter × 50 mm
depth) containing 100 ml of E2 medium with MeHg at 0.0, 0.01,
0.03, 0.10, or 0.30 µM MeHg. These levels of developmental MeHg
exposures were found to alter adult zebrafish visual startle
responses (Weber et al., 2008). Higher concentrations were not
used as these were at or above the LC50 (personal observation). At
24 h pf the embryos were rinsed in MeHg-free E2 medium and then
raised in MeHg-free E2 medium. Fry were fed vinegar eels twice
each day starting at day 5 post hatch regardless of treatment until
large enough to consume Artemia nauplii. Juveniles and adults
were fed AquarianTM flake food (Aquarium Pharmaceuticals, Inc.,
Chalfont, PA) in the morning and Artemia nauplii in the afternoon.
Based on this and previous studies, there are no significant
differences in embryo, larval, juvenile, or adult mortality or number
of developmental malformations at the stated concentrations of
MeHg.

Housing during avoidance conditioning
During behavioral experiments, adult zebrafish hatched from the
embryos described above were kept in individual compartments of
partitioned tanks at 26 ± 1°C with a 12 h light-dark cycle (0700 to
1900 light) at the fish laboratory of Grand Valley State University.
The behavioral experiments were conducted during the light cycle
and all experimental procedures were approved by the Grand
Valley State University Institutional Animal Care and Use
Committee.

Apparatus for avoidance conditioning
Zebrafish were trained and tested individually in two identical
zebrafish shuttle-boxes connected to a programmer/shocker unit.
The zebrafish shuttle-box consisted of a water-filled tank (18 cm in
length × 7.5 cm in width × 10 cm in height) separated by an opaque
divider (7.5 cm in width × 10 cm in height) into two equal
compartments. The divider was raised 0.6 cm above the floor of the
tank during trials allowing zebrafish to swim freely from one side of
the tank to the other. The crossing movement of zebrafish was
monitored by infrared light beams and their corresponding detectors
located on the long sides of the tank. There was a light at each end
of the tank and there were two stainless steel electrode plates (6.5
cm in length × 4 cm in height) at each of the long sides of each
compartment.

Active avoidance paradigm
Zebrafish were placed in the shuttle-boxes for 5 min, and then a
trial began with the onset of the light, the conditioned stimulus (CS),

Avoidance responses (%)
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Figure 1. Avoidance responses of adult zebrafish hatched from embryos exposed to no MeHg or
various levels of MeHg. Each bar represents the mean percentage of avoidance responses ± SE for 8
to 29 fish. ** p < 0.01, compared testing against training of the same group.

on the side of the fish's location and the manually raised divider 0.6
cm above the floor of the tank. After the light was on for 12 s, a
repetitive mild electrical shock (0.73 V/cm AC, pulsed 100 ms on
and 1400 ms off), the unconditioned stimulus (US), was
administered, along with the light, for 12 s through the water by
means of electrodes. At the end of 24 s or at a crossing response
by zebrafish during the 24 s, the trial ended with both the light and
electrical shock switched off and the divider lowered. After an
intertrial interval (ITI) ranging from 12 up to 36 s, another trial
began.
Zebrafish initially swam through the raised divider only after
receiving several shocks. The crossing response made after the
onset of both light signal and electrical shock to escape the
electrical body shock is defined as an escape response. During the
training sessions, zebrafish gradually learned to swim from the
lighted end to the dark end to avoid the electrical body shock. The
crossing response made after the onset of the light signal, but
before the onset of electrical shock to avoid the electrical body
shock, is defined as an avoidance response. The time it takes for
zebrafish to make the crossing response following the onset of the
light signal is defined as crossing latency. The measurements were
the number of avoidances and escapes; and crossing latency.
Except the manually raised dividers, all experiments were
automated through the programmer/shocker unit and a Gateway
2000 P5-100 computer that programmed stimuli, monitored and
recorded behavior of zebrafish.
Zebrafish were trained on Behavioral Experimental Day 1, and
tested on Behavioral Experimental Day 3. The training session
consisted of 30 trials, and the testing session consisted of 10 trials.
Percentage of avoidance responses and crossing latency were
used as indicators of learning. Two-way ANOVAs with one between
factor (different groups) and one repeated measures (training vs.
testing) on the results were carried out first to determine possible
significant differences, followed by one-way ANOVAs to determine

any significant differences among groups and correlated t-tests to
determine any significant differences between training and testing.

RESULTS
Figure 1 showed avoidance responses of the five groups
of zebrafish during both training and testing. A two-way
ANOVA with one between factor (5 groups) and one
repeated measures (2 sessions) on the avoidance
responses indicated a significant group difference [F (4,
75) = 3.381, p < 0.01], and a significant group × session
interaction [F (4, 75) = 3.211, p < 0.05]. A one-way
ANOVA with multiple comparisons on the avoidance
responses of groups during the training session showed
significant differences between the control group exposed
to 0.0 µM MeHg and MeHg exposed groups [F (4, 75) =
5.596, p < 0.01], while another one-way ANOVA with
multiple comparisons on the avoidance responses of
groups during the testing session showed no significant
difference among groups. More importantly, correlated ttests comparing testing and training of each group
showed that the control fish learned avoidance responses
during training and showed significant increases in
avoidance responses during testing (p < 0.01) (Figure 1),
while zebrafish developmentally exposed as embryos to
MeHg were hyperactive as they frequently swam back
and forth and showed no significant changes in
avoidance responses from training to testing (Figure 1).
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Figure 2. Crossing latency of adult zebrafish hatched from embryos exposed to no MeHg or various levels
of MeHg. Each bar represents the mean crossing latency ± SE for 8 to 29 fish. **, p < 0.01, compared
testing against training of the same group.

The crossing latency results showed the similar pattern
(Figure 2). A two-way ANOVA with one between factor (5
groups) and one repeated measures (2 sessions) on the
crossing latency indicated a significant group difference
[F (4, 75) = 4.006, p < 0.01], and a significant group ×
session interaction [F (4, 75) = 3.838, p < 0.01]. A oneway ANOVA with multiple comparisons on the crossing
latency of groups during the training session showed
significant differences between the control group and
MeHg exposed groups [F(4, 75) = 6.174, p < 0.01], while
another one-way ANOVA with multiple comparisons on
the crossing latency of groups during the testing session
showed no significant difference among groups.
Correlated t-tests comparing testing and training of each
group showed that the control fish learned avoidance
responses during training and showed significant
decreases in crossing latency during testing (p < 0.01),
while zebrafish developmentally exposed as embryos to
MeHg showed slight, but not significant, increases in
crossing latency from training to testing.
For the reason that MeHg exposed zebrafish displayed
relatively high avoidance responses during the training
session, the number of avoidance responses over six
blocks of five trials during training were plotted in Figure
3. Figure 3 showed that the number of avoidance
responses did not change from the block of the first five
trials to the block of the last five trials except the 0.1 µM
MeHg group that showed a decrease trend in avoidance

responses (Figure 3C).
DISCUSSION
The current study showed that adult control zebrafish that
hatched from embryos unexposed to MeHg learned
avoidance responses and displayed significant increases
in avoidance responses from training to testing,
confirming previous reports (Xu et al., 2007; Xu and
Goetz, 2012). These zebrafish also showed significant
decreases in crossing latency from training to testing,
further indicating that these zebrafish learned to
associate the CS of light with the US of shock and
responded to the CS by readily crossing the divider to
avoid the US. However, zebrafish hatched from embryos
exposed to MeHg were hyperactive and showed no
significant changes in either avoidance responses or
crossing latency from training to testing.
The levels of developmental MeHg exposures from
0.01, 0.03, 0.1, to 0.3 µM used in the current study all
produced impaired learning, even the lowest level. The
same levels of MeHg exposures in adult zebrafish impair
avoidance conditioning at the concentration of 0.03 µM or
higher MeHg exposure in old adult and 0.1 µM or higher
MeHg exposure in young adult zebrafish (unpublished
results). Thus, zebrafish appear more sensitive to
developmental MeHg exposure and show behavioral
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Figure 3. Avoidance responses of MeHg exposed zebrafish during the training session. Panels A, B, C, and D show avoidance responses
of 0.01, 0.03, 0.1, and 0.3 µM MeHg groups, respectively. Each data point represents the mean number of avoidance responses in five
trials ± SE for 8 to18 fish.

impairments at lower levels of MeHg exposures. The
developmental MeHg exposures also produced
hyperactivity. Those zebrafish were observed to
constantly swim back and forth during experiments,
which confirmed the finding that developmental exposure
to low doses of MeHg produces long-lasting hyperactivity
in rats (Vitalone et al., 2010). In fact, the hyperactivity led
to relatively high levels of avoidance responses displayed
by MeHg exposed zebrafish throughout behavioral
experiments. When the results from the 30 trials during
the training session were divided into six blocks of five
trials, the number of avoidance responses did not change
over the six blocks in all MeHg exposed zebrafish except
the 0.1 µM MeHg group that showed a slightly decrease
trend in avoidance responses from the first block of five
trials towards the last block of five trials. Thus, relatively
high levels of avoidance responses displayed by MeHg
exposed zebrafish during training was not the result of
learning, rather due to general hyperactivity. Such
general hyperactivity was not observed in adult zebrafish
exposed to MeHg as adults (unpublished results).
The teleost telencephalon is a simple structure
homologous to the limbic structures of higher vertebrates

(Northcutt and Bradford, 1980; Schroeder, 1980).
Comparative studies suggest that the dorsolateral and
dorsomedial areas of the teleost telencephalon are
homologous to the mammalian hippocampus and
amygdale, respectively. Dorsolateral ablation of the
goldfish telencephalon impaired spatial learning but not
avoidance learning, whereas dorsomedial ablation of the
goldfish telencephalon impaired avoidance learning but
not spatial learning (Portavella et al., 2002). Our previous
work with zebrafish showed that developmental MeHg
exposures impaired spatial learning (Smith et al., 2010).
The current study showed that the same developmental
MeHg exposures also impaired avoidance learning.
Additionally, using a variety of learning paradigms, e.g.,
conditioned aversion, conditioned reinforcement tasks,
and prey-capturing abilities, behavioral impairments in
fish have been identified after exposure to environmental
contaminants, including MeHg (Atchison et al., 1987;
Hartman, 1978; Salzinger et al., 1973; Webber and
Haines, 2003; Weir and Hine, 1970; Zhou et al., 2001).
Thus, our data in conjunction with other studies suggest a
widespread effect in the brain due to developmental
MeHg exposures.
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Zebrafish has become a useful organism for studying the
effects of environmental contaminants on the
neurobehavioral development of an organism due to its
short generation times, high numbers of eggs per female,
ease of breeding, and short developmental periods
before hatching. It will be interesting to see how the
neurobehavioral effects of embryonic MeHg exposure are
manifested throughout the life span of zebrafish. Thus,
future studies will examine learning and memory of
zebrafish at the different stages of the life-span, e.g.,
from early to young to old adulthood, following embryonic
MeHg exposure.

ACKNOWLEDGEMENTS
This research was funded by grants from the Native
American Research Centers for Health (1U26 94 00014),
National Institute of Environmental Health Science
(ES04184), and GVSU Research Grant-in-Aid. Authors
gratefully acknowledge that Dr. B. Agranoff at Molecular
and Behavioral Neuroscience Institute, University of
Michigan, Ann Arbor, MI 48109, provided the automated
zebrafish avoidance set-up for the present study.

REFERENCES
Atchison GJ, Henry MG, Sandheinrich MB (1987). Effects of metals on
fish behavior: A review. Environ. Biol. Fish., 18: 11-25.
Avramescu ML, Yumvihoze E, Hintelmann H, Ridal J, Fortin D, Lean
DR (2011). Biogeochemical factors influencing net mercury
methylation in contaminated freshwater sediments from the St.
Lawrence River in Cornwall, Ontario, Canada. Sci. Total Environ.,
409: 968-978.
Barbieri FL, Cournil A, Gardon J (2009). Mercury exposure in a high fish
eating Bolivian Amazonian population with intense small-scale goldmining activities. Int. J. Environ. Health Res., 19: 267-277.
Bose-O'Reilly S, Drasch G, Beinhoff C, Rodrigues-Filho S, Roider G,
Lettmeier B, Maydl A, Maydl S, Siebert U (2010a). Health
assessment of artisanal gold miners in Indonesia. Sci. Total Environ.,
408: 713-725.
Bose-O'Reilly S, Drasch G, Beinhoff C, Tesha A, Drasch K, Roider G,
Taylor H, Appleton D, Siebert U (2010b). Health assessment of
artisanal gold miners in Tanzania. Sci. Total . Environ., 408: 796-805.
Cagiano R, De Salvia MA, Renna G, Tortella E, Braghiroli D, Parenti
DC, Zanoli P, Baraldi M, Annau Z, Cuomo V (1990). Evidence that
exposure to methylmercury during gestation induces behavioral and
neurochemical changes in offspring of rats. Neurotoxicol. Teratol., 12:
23-28.
Chang JW, Pai MC, Chen HL, Guo HR, Su HJ, Lee CC (2008).
Cognitive function and blood methylmercury in adults living near a
deserted chloralkali factory. Environ. Res., 108: 334-339.
Cuomo V, Ambrosi L, Annau Z, Cagiano R, Brunello N, Racagni G
(1984). Behavioural and neurochemical changes in offspring of rats
exposed to methyl mercury during gestation. Neurobehav. Toxicol.
Teratol., 6: 249-254.
Dodson JJ (1988). The nature and role of learning in the orientation
and migratory behavior of fishes. Environ. Biol. Fish., 23: 161-183.
Durán E, Ocańa FM, Gómez A, Jiménez-Moya F, Broglio C, Rodríguez
F, Salas C (2008). Telencephalon ablation impairs goldfish allocentric
spatial learning in a "hole-board" task. Acta Neurobiol. Exp. (Wars).
68: 519-525.
Eccles CU, Annau Z (1982). Prenatal methyl mercury exposure: II.
Alterations in learning and psychotropic drug sensitivity in adult

offspring. Neurobehav. Toxicol. Teratol., 4: 377-382.
Echeverria D, Heyer NJ, Martin MD, Naleway CA, Woods JS, Bittner
AC Jr (1995). Behavioral effects of low-level exposure to elemental
Hg among dentists. Neurotoxicol. Teratol., 17: 161-168.
Fakour H, Esmaili-Sari A, Zayeri F (2010). Mercury exposure
assessment in Iranian women's hair of a port town with respect to fish
consumption and amalgam fillings. Sci. Total Environ., 408: 15381543.
Fredriksson A, Dencker L, Archer T, Danielsson BR (1996). Prenatal
coexposure to metallic mercury vapour and methylmercury produce
interactive behavioural changes in adult rats. Neurotoxicol. Teratol.,
18: 129-134.
Gilbert SG, Burbacher TM, Rice DC (1993). Effects of in utero
methylmercury exposure on a spatial delayed alternation task in
monkeys. Toxicol. Appl. Pharmacol., 123: 130-136.
Gilbert SG, Rice DC, Burbacher TM (1996). Fixed interval/fixed ratio
performance in adult monkeys exposed in utero to methylmercury.
Neurotoxicol. Teratol., 18: 539-546.
Gómez-Laplaza LM, Gerlai R (2010). Latent learning in zebrafish (Danio
rerio). Behav. Brain Res., 208: 509-515.
Goulet S, Doré FY, Mirault ME (2003). Neurobehavioral changes in
mice chronically exposed to methylmercury during fetal and early
postnatal development. Neurotoxicol. Teratol., 25: 335-347.
Hartman AM (1978). Mercury feeding schedules: effects on
accumulation, retention, and behavior in trout. Trans. Am. Fish. Soc.,
107: 369-365.
Hilt B, Svendsen K, Syversen T, Aas O, Qvenild T, Sletvold H, Melø I
(2009). Occurrence of cognitive symptoms in dental assistants with
previous occupational exposure to metallic mercury. Neurotoxicology,
30: 1202-1206.
Laks DR (2009). Assessment of chronic mercury exposure within the
U.S. population, National Health and Nutrition Examination Survey,
1999–2006. Biometals, 22: 1103-1114.
Northcutt RG, Bradford MR (1980). New observations on the
organization and evolution of the telencephalon of actinopeterygian
fishes. In: Ebbesson SOE, editor. Comparative neurology of the
telencephalon. New York: Plenum, pp. 41-98.
Onishchenko N, Tamm C, Vahter M, Hökfelt T, Johnson JA, Johnson
DA, Ceccatelli S (2007). Developmental exposure to methylmercury
alters learning and induces depression-like behavior in male mice.
Toxicol. Sci., 97: 428-437.
Papu-Zamxaka V, Mathee A, Harpham T, Barnes B, Röllin H, Lyons M,
Jordaan W, Cloete M (2010). Elevated mercury exposure in
communities living alongside the Inanda Dam, South Africa. J.
Environ. Monit., 12: 472-477.
Portavella M, Vargas JP (2005). Emotional and spatial learning in
goldfish is dependent on different telencephalic pallial systems. Eur.
J. Neurosci., 21: 2800-2806.
Portavella M, Vargas JP, Torres B, Salas C (2002). The effects of
telencephalic pallial lesions on spatial, temporal, and emotional
learning in goldfish. Brain Res. Bull., 57: 397-399.
Reed MN, Banna KM, Donlin WD, Newland MC (2008). Effects of
gestational exposure to methylmercury and dietary selenium on
reinforcement efficacy in adulthood. Neurotoxicol. Teratol., 30: 29-37.
Reed MN, Newland MC (2007). Prenatal methylmercury exposure
increases responding under clocked and unclocked fixed interval
schedules of reinforcement. Neurotoxicol. Teratol., 29: 492-502.
Rice DC (1992). Effects of pre- plus postnatal exposure to
methylmercury in the monkey on fixed interval and discrimination
reversal performance. Neurotoxicology, 13: 443-452.
Rice DC (1996). Evidence for delayed neurotoxicity produced by
methylmercury. Neurotoxicology, 17: 583-596.
Rohling ML, Demakis GJ (2006). A meta-analysis of the
neuropsychological effects of occupational exposure to mercury. Clin.
Neuropsychol., 20: 108-132.
Ryaboshapko A, Bullock OR Jr, Christensen J, Cohen M, Dastoor A,
Ilyin I, Petersen G, Syrakov D, Travnikov O, Artz RS, Davignon D,
Draxler RR, Munthe J, Pacyna J (2007). Intercomparison study of
atmospheric mercury models: 2. Modeling results vs. long-term
observations and comparison of country deposition budgets. Sci.
Total Environ., 377: 319-333.
Salas C, Broglio C, Durán E, Gómez A, Ocaña FM, Jiménez-Moya F,

Xu et al.

91

Rodríguez F (2006). Neuropsychology of learning and memory in
teleost fish. Zebrafish, 3: 157-171.
Salzinger K, Fairhurst SP, Freimark SJ, Wolkoff FD (1973). Behavior of
the goldfish as an early warning system for the presence of pollutants
in water. J. Environ. Sys., 3: 27-40.
Schroeder DM (1980). The telencephalon of teleosts. In: Ebbesson
SOE, editor. Comparative neurology of the telencephalon. New York:
Plenum, pp. 99-115.
Seigneur C, Lohman K, Vijayaraghavan K, Shia RL (2003).
Contributions of global and regional sources to mercury deposition in
New York State. Environ. Pollut., 123: 365-373.
Seigneur C, Vijayaraghavan K, Lohman K, Karamchandani P, Scott C
(2004). Global source attribution for mercury deposition in the United
States. Environ. Sci. Technol., 38: 555-569.
Sison M, Gerlai R (2010). Associative learning in zebrafish (Danio rerio)
in the plus maze. Behav. Brain Res., 207: 99-104.
Smith LE, Carvan MJ 3rd, Dellinger JA, Ghorai JK, White DB, Williams
FE, Weber DN (2010). Developmental selenomethionine and
methylmercury exposures affect zebrafish learning. Neurotoxicol.
Teratol., 32: 246-255.
Vitalone A, Catalani A, Cinque C, Fattori V, Matteucci P, Zuena AR,
Gosta LG (2010). Long-term effects of developmental exposure to
low doses of PCB 126 and methylmercury. Toxicol. Lett., 197: 38-45.
Webber HM, Haines TA (2003). Mercury effects on predator avoidance
behavior of a forage fish, golden shiner (Notemigonus crysoleucas).
Environ. Toxicol. Chem., 22: 1556-1561.
Weber DN, Connaughton VP, Dellinger JA, Klemer D, Udvadia A,
Carvan III, M (2008). Selenomethionine reduces visual deficits due to
developmental methylmercury exposures. Physiol. Behav., 93: 250260.
Weir PA, Hine CH (1970). Effects of various metals on behavior of
conditioned goldfish. Arch. Environ. Health, 20: 45-51.
Williams FE, White D, Messer WS (2002). A simple spatial alternation
task for assessing memory function in zebrafish. Behav. Process.,
58: 125-132.

Xu X, Bazner J, Qi M, Johnson E, Freidhoff R (2003). The role of
telencephalic NMDA receptors in avoidance learning in goldfish
(Carassius auratus). Behav. Neurosci., 117(3): 548-554.
Xu X, Bentley J, Miller T, Zmolek K, Kovaleinen T, Goodman E, Foster
T (2009). The role of telencephalic nitric oxide and cGMP in
avoidance conditioning in goldfish (Carassius auratus). Behav.
Neurosci., 123(3): 614-623.
Xu X, Goetz S (2012). Assessing learning and memory through the
active avoidance paradigm. In: Kalueff AV, Stewart, AM, editors.
Zebrafish neurobehavioral protocols Vol. II. Springer; in press.
Xu X, Scott-Scheiern T, Kempker L, Simons K (2007). Active avoidance
conditioning in zebrafish (Danio rerio). Neurobiol. Learn. Mem., 87:
72-77.
Zhou T, Scali R, Weis JS (2001). Effects of methylmercury on ontogeny
of prey capture ability and growth in three populations of larval
Fundulus heteroclitus. Arch. Environ. Contamin. Toxicol., 41: 47-54.

